ABSTRACT: Intertidal flats of the estuarine macro-intertidal Baie des Veys (France) were investigated to identify spatial features of sediment and microphytobenthos (MPB) in April 2003. Gradients occurred within the domain, and patches were identified close to vegetated areas or within the oyster-farming areas where calm physical conditions and biodeposition altered the sediment and MPB landscapes. Spatial patterns of chl a content were explained primarily by the influence of sediment features, while bed elevation and compaction brought only minor insights into MPB distribution regulation. The smaller size of MPB patches compared to silt patches revealed the interplay between physical structure defining the sediment landscape, the biotic patches that they contain, and that median grain-size is the most important parameter in explaining the spatial pattern of MPB. Small-scale temporal dynamics of sediment chl a content and grain-size distribution were surveyed in parallel during 2 periods of 14 d to detect tidal and seasonal variations. Our results showed a weak relationship between mud fraction and MPB biomass in March, and this relationship fully disappeared in July. Tidal exposure was the most important parameter in explaining the summer temporal dynamics of MPB. This study reveals the general importance of bed elevation and tidal exposure in muddy habitats and that silt content was a prime governing physical factor in winter. Biostabilisation processes seemed to behave only as secondary factors that could only amplify the initial silt accumulation in summer rather than primary factors explaining spatial or long-term trends of sediment changes.
INTRODUCTION
The importance of describing spatial and temporal patterns of primary producers at the scale of an ecosystem is well recognised as a starting point in ecological studies (Underwood et al. 2000) . The main primary producers in estuarine ecosystems are phytoplankton and microphytobenthos (MPB), which provide a mixture of organic matter in the water column that is very variable in space and time (Underwood & Kronkamp 1999 , Perissinotto et al. 2003 . Dynamics of marine systems vary widely in their temporal and spatial components due to complexity in the benthopelagic coupling (Zajac 2008) . The trophic environment of benthic fauna in these systems is therefore characterised by a high degree of spatial heterogeneity, such as transition zones and patches (Deegan & Garritt 1997 , Dubois et al. 2007 ) that are related to the landscape of their habitats. It appears very relevant to understand the spatial patterns of primary producers in relation to sediment in order to elucidate the role they play in the trophic food web and to assess the respective contributions of both components to consumer's diet (Lefebvre et al. 2009 ). The questions of spatial distribution of benthic primary producer are thus critical to gain new insights in the dynamics and structure of macrozoobenthos that inhabit these environments (Herman et al. 2000) .
There is a general consensus that MPB biomass varies along wide-scale environmental gradients and is not affected by an isolated variable but, rather, depends on a combination of factors controlling the physical and biological conditions in the sediment. Those factors creare spatial stucture in MPB according to exposure gradients such as bathymetry, sediment grain-size, deposit-feeders, or sediment nutrient stocks (Jesus et al. 2009 ). The environmental factor thought to influence the spatial variability of MPB assemblages to the greatest extent is the nature of substratum (Underwood & Kronkamp 1999) . There is a vast body of literature on field studies about MPB. Some of these studies focus specifically on the relationship between sediment and MPB (Admiraal & Peletier 1980 , Jesus et al. 2009 , van der Wal et al. 2010 and most especially on the spatio-temporal dynamics of this relationship, which is often partly obscured by other co-varying factors that also regulate MPB distribution (e.g. topography, compaction and water constitution, nutrient availability, vegetation fields and macro zoobenthos). There is also a critical need to assess the temporal dynamics of these sediment landscapes since temporal features, such as seasonality or storm events can intensively alter the spatial configuration of sediment in estuarine systems (de Jonge & von Beusekom 1995 , van der Wal et al. 2010 . As a result, benthic organisms are subjected to high levels of disturbances that affect their large-scale distribution. Van der Wal et al. (2010) have shown that the seasonal patterns of MPB development in coastal and estuarine ecosystems are remarkably stable from one year to the next, underlining that bed elevation and tidal processes are implied in MPB development equilibrium than meteorological fluctuating variations.
Even though fine sediment and MPB are often considered well-correlated in intertidal flats, these 2 variables have rarely been studied simultaneously at the scale of an entire bay (Admiraal & Peletier 1980 , Jesus et al. 2009 , van der Wal et al. 2010 . This is crucial to understanding the structural stability of the landscapes of sediment and MPB organisms at different types and frequencies of disturbances. It is sometimes difficult to obtain such temporal data over extensive geographic regions. Temporal mapping and analysis in a selected ecological landscape can at least provide some of this needed information and this strategy was applied in the present study. The purpose of the present study was to investigate the spatial and temporal relationships between sediment and MPB in an estuarine macro-intertidal bay. A comprehensive field of spatial measurements of MPB and sedimentary parameters was conducted by direct sampling over intertidal areas in April 2003. Geostatistical estimation methods were applied to produce variograms and kriging. To better understand the interplay between sediment and MPB, the spatial analysis was coupled with 2 small scale 14 d temporal surveys (July 2003 and March 2004) of the dynamics of MPB biomass and sediment in a selected location at the edge of a MPB patch.
MATERIALS AND METHODS

Study area
The Baie des Veys is located in the western part of the Baie de Seine within the eastern English Channel (Fig. 1) . It is directly connected to the sea and subjected to a high marine influence. Fine sand and coarse shell sand are historically the dominant type of sediment (Sylvand 1995) . The tidal range of this macrotidal system during spring tide is about 8 m. The tidal regime is semi-diurnal and the synchronization between daytime exposure periods and solar noon occurs during neap tides. The bay contains a total area of about 117 km 2 from which 37 km 2 are intertidal flats, and current velocity can reach 3 m s −1 during flood tide and 1.5 m s −1 during ebb tide (Dubois et al. 2007 ). The rivers Douve and Taute join together in the western Carentan Channel while 2 other rivers, Vire and Aure, converge to form the eastern Isigny Channel. These 2 channels separate the system into 3 sections from east to west: (1) Géfosses, where oyster farming covers an area of about 3 km 2 with an approximate stock of 10 000 t of oysters; (2) Brévands with bare flats consisting of sandy sediments at the lower shore and muddy sediments at the upper shore, with vegetated areas at the highwater mark; and (3) Le Grand Veys with mussel farming at the north where sediment is sandy and the broadest saltmarsh of the system at the south, where the sediment is siltier (Fig. 1) .
Sampling strategy for spatial patterns of sediment and MPB
Samples for MPB biomass analysis were collected over 5 d during spring tides from April 14 to 19, 2003. A systematic grid was extended over the entire map of intertidal areas and the sampling interval was 500 m. Furthermore, a nested spatial sampling design was applied to explore spatial aggregation among smaller scales. More precisely, the do main was divided into 3 nearly homogeneous sub-domains (separated by the 2 channels; Fig. 1 ). In each subdomain, the small-scale heterogeneity was in vestigated by applying a criss-cross sampling as conducted by Guarini et al. (1998) in the MarennesOléron bay. A large grid with a systematic sampling design was deployed with a step of 500 m between neighbour sites and a second stratum of heterogeneity was included with 3 smaller grids (in the shape of crosses with steps of 100 m between neighbour sites). These small scale crosses are especially important to develop a complete variogram accounting for autocorrelation at any distance from the minimum 100 m to the maximum 2500 m (i.e. half of the whole domain size). The estimation of variogram function at small distances and the quality of interpolation was optimised by estimating different semi-variogram functions for each sub-domain and to distinguish some . The coordinates of the centres of each criss-cross grid were determined to match with observed muddy patches on the field before sampling. Among 175 defined grid nodes, only 138 sites were sampled, because other stations were never emerged or not accessible. Five 15 cm diameter cores were collected at each sampling site.
Sampling strategy for temporal patterns of sediment and MPB
The station is situated about 500 m from the bay mouth, at the west of the western Carentan channel in the Grand Veys area (49°21' 59'' N, 01°10' 19'' E). This location was selected at the edge of a muddy patch with an intermediate level chl a biomass. Samples were collected during two 14 d periods (July 9 to 23, 2003 and March 8 to 22, 2004) in order to encompass complete neap/spring tide cycles. The field sampling was organised as a chessboard where we defined square sampling units (2 m side) separated by alleys (2 m in width). Every day, 3 squares were randomly selected to account for spatial heterogeneity. Three cores were sampled within each square at 3 different time points: the beginning, middle, and end of exposure periods (an exposure period being defined as a diurnal emersion period).
Analyses of MPB biomass and sediment features
Sampling procedures followed the same protocol as for the spatial and temporal surveys. The uppermost 1 cm of the sediment cores was sliced in the field and kept frozen separately in plastic bags placed in a cooler (ca. 4°C in the dark) and rapidly brought back to the upper shore, where sediment mixing of each of the plastic bags was performed and a small aliquot of the mixed sample was taken and placed in 2 ml tubes, weighed and stored at −20°C (immediately since we installed a temporary field lab on the beach with a freezer). All frozen samples were brought back to the lab for further freeze-drying before a new weighing prior to chl a extraction of a given mass of dry sediment (~150 mg). MPB biomass was estimated by fluorometric quantification after extraction in 90% acetone in the dark overnight under constant agitation at 4°C; the chlorophyll extracts were measured on a Turner Designs TD 700 fluorometer following the method of Welsch meyer (1994) and expressed as a content (µg g −1 dry sediment [DW] ). After the sediment mixing on the shore, another aliquot was put in petri dishes for analyzing water content and sediment composition. These petri dishes were also placed immediately in the freezer and later brought back to the lab. One replicate of sediment sample was selected for the analyses of sediment grain-size distribution. First, a wet sieve analysis was performed to collect the finest fraction. The sediment sample was gently mixed in freshwater, which was agitated with a brush to remove the salt and break the aggregates. Particles were sieved through a 40 µm mesh to retain the coarse fraction. The remainder of the sample was allowed to settle for 24 h, then the overlying liquid was decanted to leave behind the fine fraction, which was then dried for 36 h. The whole mass of sediment was also dried and subjected to a dry sieving. The final dry samples were screened with a set of 25 sieves in 2 columns (sieve shakers). The 12 coarsest sieves (ranging from 20 mm to 1 mm) were subjected to vibration for 5 min, whereas the 13 finest sieves (ranging from 0.8 to 0.04 mm) were vibrated for 15 min. The particles remaining on each sieve were collected and weighed on scales to the nearest mg. After multiplying by 1.3 (to convert from a grain-size of particles sieved on a squared mesh into an equivalent spherical grain-size), the weights recorded with each sample of sediment were used to draw up a curve giving the cumulative percentage mass corresponding to the fractions. The Wenworth grade scale was used to define each sediment type and the silt content percentage (< 63 µm) was calculated at this step (Chamley 2000) . Median and mean grain diameter were calculated from the sediment mass cumulative percentage.
Statistical analyses
The spatial autocorrelation was first analysed for chl a content, silt content, and median grain-size (for details of the methods and associated results see the Supplement at www.int-res.com/articles/suppl/ m458 p053_supp.pdf). Geostatistics were also applied on the spatial survey using 2 kriging methods: universal and ordinary kriging (Krige 1952 , Journel & Huijbregts 1978 , Legendre & Legendre 1998 (Fig. 2) . Furthermore, multiple regression tests were performed with the software XLSTAT-2008 to compare the chl a biomass to bathymetric level, water content, silt content, median and mean grain-size from the 87 stations of the 500 m large grid (these regression statistics were limited to the large grid data because data from the smaller grid imply the interference of autocorrelation). The best regression model was searched to retain the most important factors that were linked to the chl a biomass.
Concerning the temporal survey, Mantel analyses were performed (1) to detect the presence of inherent spatial autocorrelation and (2) to separate the effects of temporal variation (i.e. between-day and within-day) from spatial effects. These non-parametric tests are most appropriate when data are spatially auto-correlated (Fortin & Gurevitch 2001) . A 4-matrix Mantel test was performed to examine the relationships between (1) the variable distance Matrix A that contains the differences in chl a biomass among the 3 × 15 = 45 sampled squares, (2) the distance Matrix B that contained the Euclidian spatial distances among the 45 sites, and (3) 2 temporal distance matrices that contained the differences between all pairs of data in between-day (Matrix C) and withinday (Matrix D). The ana lysis was performed on the basis of normalized Mantel statistics that assessed the effect of spatial factor, while the temporal factors were held constant (Fortin & Gurevitch 2001) . The analysis of temporal effects was performed similarly (i.e. when spatial factors were holding constant). The within-day ana lysis of the variation of chl a biomass was done by using a splitplot ANOVA (the spatial effect being nested to the experiment time point). Pairwise Tukey's HSD tests were performed to compare the bio mass between the 3 moments (Potvin 2001) .
RESULTS
Spatial patterns of MPB biomass
The universal kriging provided the best interpolation in Grand Veys and Brévands while the ordinary kriging was the best fitted in Géfosses for MPB biomass (see the Supplement). The best MPB biomass map thus combined the 2 different kriging: universal in Brévands and Grand Veys and ordinary in Géfosses (Table 1) . The averaged diameter of the MPB patches which was estimated by the range of the variogram model (universal method), was ca. 500 m (Table 2) . Gradients were oriented in the north-south direction in the 2 western sectors (Grand Veys and Brévands; Fig. 3 ). The Brévands area was characterised by 2 main patches on the upper shore in the south and minimal values in the center of the bay in the north. Similar tendencies were found in Grand Veys with only one main patch in the south. The highest values of chl a were obtained close to the edge of the saltmarshes in these 2 sectors. In the eastern sector (Géfosses), there was a main patch at the center of the area (approximately 500 m from the oyster-farms towards the south) that extended to the north within oysterfarming areas. The biomass of chl a was within the range of 0.5 to 20 µg g DW −1 in Brévands, 1 to 35 µg g DW −1 in Gefosses, and 0.3 to 24.5 µg g DW −1 in Grand Veys. The patch at the center of the Gefosses subdomain was smaller than other patches but with the maximal biomass of chl a of the whole bay (35 µg g DW −1
) and northern extension within oyster-farming areas.
Note that chl a contents were not normalized by surface (mg m −2 ) in the present study; although this is usually done, and recommended to correct for compaction affecting microalgae distribution (Perkins et al. 2003 ), we chose not to do so here due to the kriging results and especially to a stronger pellet effect for this variable. Table 1 . Goodness-of-fit of kriging methods analysed by the correlation coefficient between the measured variables (z i ) in all data points (n = 138) and the interpolated valueẐ -i after removal of the i th datum. The bold coefficients exhibit the best fits on the intertidal areas of Brévands, Grand Veys, and Géfosses
Analysis of spatial patterns of sediment features
The spatial structure of the silt content was also clearly patchy but these patches were all anisotropic and located on the upper shores, creating a small gradient (Fig. 4) . Ordinary method was used for kriging, with a spherical model and a low nugget effect of 0.689. However, ani sotropy was well developed for silt content and was thus taken into account for the kriging interpolation (Table 2 and Supplement). The averaged diameter of the patches can be estimated from the range of the variogram model (for the universal method), i.e. 800 m. The maps of the 3 sediment characteristics (Fig. 5) were in good agreement between each other in terms of sand distribution as well as localisation and size of muddy patches. The map of the sediment category exhibited muddy patches that were surrounded by wider structures of sandy sediments. Pure sand was found at the lower shores, and fine sands were the major sediment category in terms of surface covering, since 56% of the stations were characterised by a median grain size of > 200 µm and only 3% were characterised by < 63 µm. The sediment was particularly sandy at the north of the study area and between the 2 channels. Each sub-domain had at least one welldefined patch of silt. The main patch was found to the eastern edge of the Brévands vegetated areas with more than 70% silt (and a median grain-size of < 63 µm). The second muddy patch was located in Grand Veys with a maximal silt content of 47% and a minimal median diameter of 82 µm at the mouth of the Carentan channel, close to the other vegetated area of the bay. South of the oyster-farming structures, the patch was smaller but very muddy (80% silt and a median grain size of 10 µm).
Temporal dynamics of sediment and MPB
The chl a data were significantly affected by spatial effects during the . For the median diameter, the spherical model was best fitted without anisotropy, but for the silt content, 2 continuous lines were fitted along the 2 perpendicular axes: north-south (grey dashed line) and east -west (black dashed line). Separate correlograms and semi-variograms were also computed in the north-south (squares) and east -west (diamonds) directions (only at the 3 lowest distances for the median diameter, because there was no anisotropy) tests; p < 0.001). There was also significant variation in chl a due to the 2 temporal factors (within-day and between-day; p < 0.001). In summer, the pattern followed continuous variations with clear tendencies following the 14 d tidal cycle (Fig. 6 ). The category of sediment was always fine sand across the 2 sampled periods. During the first 8 days of the survey, there was only small and insignificant variation of the silt content. A higher degree of heterogeneity was registered on 11 and 12 July, when the highest values of MPB biomass were registered (Fig. 6B) . From 12 to 14 July, the sediment silt content decreased to its lowest level (17.5%). From 14 July, there was no variation of silt content until 19 July, when a final small increase oc curred. There was no rainfall re ported during the low-tide temporal windows of the 2 sampled periods.
To refine the within-day variability of the summer sampling, an ANOVA re vealed that the increase in chl a was significant only during 2 exposure periods (p < 0.05): 13 and 18 July. Three increases (on 17, 18, and 21 March) and 2 decreases (11 and 14 March) were significant during exposure periods. Generally, these differences were significant between 2 consecutive sampling times but not necessarily between the beginning and the end of the exposure period, highlighting the non-linearity of the net production within one exposure period (Fig. 6) .
The averaged (± SD) chl a biomass in July was 12.2 ± 1.6 µg g DW −1
. There was a 4 d increase from 12 to 15.5 µg g DW −1 when shifting from neap tides to spring tides (Fig. 6A) . The maximal chl a biomass was registered on 11 July at the end of exposure period with a value of 15.5 µg g DW −1
. The classical scheme in which biomass increases only during exposure time lags (Blanchard et al. 2001 ) was evident during this period. This period was then followed by a 6 d decrease in chl a biomass during spring tides, and a very low chl a value of 11 µg g DW −1 was registered at the end of this period (Fig. 6A) . Biomass diminished only during immersion periods, indicating the prevailing effects of physical factors that cause the resuspension of benthic diatoms and their exportation into the water column. Nevertheless, there was still a net production of chl a during exposure periods, as shown by the significant increase reported on 13 July. Be tween 15 and 16 July there was a small deposition of silt, and these deposits were especially impoverished in chl a biomass (Fig. 6A,B) . The tidal coefficient was maximal at the same time (Fig. 6C) . A new release of chl a from the sediment occurred during the spring tides of 19 and 20 July. The minimum chl a biomass of the summer sampling was obtained on 20 July with a value of . When the con ditions returned to a quiet status (Fig. 6C ) due to the new shift from spring tides to neap tides and low wind speed, there was a new increase of chl a bio mass but during immersion periods (Fig. 6A ). This may be related to a deposition of sediment between 18 and 19 July. These deposits were relatively en riched in resuspended benthic diatoms, probably corresponding to the redeposition of benthic diatoms being released from intertidal sediments of the upper shore. Conversely, decreases were reported during the exposure periods of the last 3 days but they were not significant (Fig. 6A) .
There is evidence that MPB responds to the time exposure of the typical 14 d spring/neap cycle (neap tides being the conditions with the longest low-tide exposure periods around the maximum daylight) and to a lesser extent to resuspension/deposition balances. For instance, the minimum chl a biomass of the summer sampling was obtained on 20 July after a long period of resuspension of chl a. When the conditions calmed due to the new shift from spring tides to neap tides and low wind speed, the temporal variations of chl a decreased during exposure periods of the following 3 d, but these variations were not significant. the temporal variation of chl a decreased during exposure periods of the following 3 d, but these variations were not significant.. This period seemed to be a typical lag phase, providing the time for benthic diatom to settle, start migratory cycles, and initiate a new colonisation of sediment. In the field, the lag phase is not characterised by biomass remaining at a constant level without production (as in a mesocosm without macrofauna; Blanchard et al. 2001 ), but rather an equilibrium between losses and gains of chl a biomass during exposure periods because of several processes: (1) primary production (and its potential limitation by light, nutrient stocks or even desiccation); (2) the grazing effects by deposit-feeders; and (3) losses/gains during immersion due to erosion outputs or sedimentation inputs. The consumption rate of benthic diatoms by depositfeeders was especially high during the last 3 days of the summer survey, possibly because of an increasing density of Hydrobia ulvae at the site during calm , while the silt fraction remained in the same order of magnitude between the 2 seasons. The pattern exhibited successive short periods with rapid increases and decreases of chl a biomass, with each period lasting only a few days (Fig. 7A) . From 8 to 10 March, there was a concomitant decrease of chl a biomass and silt content, with the minimal values of the sampled period: 7.0 µg chl a g DW −1 and 16% silt in the sediment. This de crease was then followed by a continuous increase of the 2 variables from 11 to 14 March during the neap tide (Fig. 7A,B) . From 14 to 17 March, silt contents decreased from the maximal value of 27% to 18% and then remained relatively stable (ca. 20%). On 14 March, the chl a content was also subject to a small drop followed by a significant net production of chl a biomass during the subsequent low-tide exposure period (p < 0.05). For the 2 variables, the values increased again at the end of the survey with the maximal value of 10.36 µg chl a g DW −1 and 25% silt in the sediment. During the following immersion periods, a drop was registered in chl a biomass between the 17 and 18 March, probably due to the increasing tidal coefficient, since the wind speed was particularly low at this date (Fig. 7C) . The silt content was already low and it remained low while the chl a content decreased. Despite the recent resuspension, there was another significant increase of chl a biomass on 18 March. We assume that the biomass was maintained to a level that enabled the benthic diatoms to support standing stocks able to produce. A deposition of silt was reported on 19 March and the silt content did not vary much over the following 2 d. The chl a biomass followed the same kinetics as the silt content from 18 to 21 March (Fig. 7A) . After this period, there was a significant net production of chl a during the exposure period of 21 March. The last day of the survey was characterised by new deposition of a small layer of silt but a low chl a biomass (Fig. 7A,B) .
Interaction between sediment and MPB
Generally speaking, there was a very good agreement between the kriged maps of chl a and sediment ) contained 3 variables (n = 87):
Chl a = 11.85 − 0.0545 Median + 0.153 Water + 0.58 Bathy where 'Bathy' is the bathymetric level, 'Water' is the water content and 'Median' is the median grain size. This model explained 76% of the variability in chl a biomass; median grain-size explained 68.6 % of total variation, water content explained 5.1% and bathymetric level explained 2.25 %. The analysis of the dynamics revealed that the temporal relationship between chl a biomass and silt content was much more scattered than the spatial one (Fig. 8) . Only a weak regression coefficiant was found in winter (re gression test: R 2 = 0.106; F 1, 85 = 9.9; p < 0.01). This regression completely disappeared when examining the relationship between chl a concentration and sediment composition. In winter, the range of chl a was lower than in summer because of the windy conditions and also the low level of primary production that prevented chl a accumulation for long periods (Fig. 8) . Nevertheless, the silt content was in the same order of magnitude between the 2 seasons.
DISCUSSION
There is generally a positive interaction between diatom and mud accumulation (Yallop et al. 2000) . Interactions of MPB communities with their environment have traditionally been considered in the context of physical factors such as sediment characteristics, tidal inundation and exposure time, which are, in turn, determined largely by hydrodynamic processes and bed elevation (Paterson & Black 1999) . The present paper clearly demonstrates that, in Baie des Veys, the sediment characteristics strongly explain the spatial distribution of benthic diatoms, but bed elevation and desiccation/compaction (via the study of water content) constitute secondary factors that also ex plain a part of the total variability of the chl a biomass (expressed as µg g DW −1
) in the spatial survey. The importance of the interaction between sediment and MPB is confirmed by the high levels of correlation between silt and chl a content spatial patterns. Moreover, the median diameter of grain size is the first forcing variable explaining the variability of chl a content in multiple regression. This confirms the general idea that there is a cascade of processes with positive feedbacks amplifying the accumulation of mud and MPB cells within the same areas (van de Koppel et al. 2001) . Conversely, in the Westerschelde estuary, van der Wal et al. (2010) found that bed elevation was the prime factor explaining MPB biomass, and silt content explained only some variations at a lesser degree. The difference with our observation could be related to the different proxy used for estimating MPB biomass since van der Wal et al. (2010) used satellite-derived normalized differential vegetation index data expressed in mg m −2 (closely related to MPB biomass at the surface of the biofilm). We also found that bed elevation explained a part of the variability but only as a secondary factor after median grain-size. We emphasise that when using the chl a concentration (in mg m − ²) instead of chl a content (in µg g DW −1
), the conclusions remain the same concerning the fac tors explaining the spatial patterns of MPB biomass. The median diameter remained the primary factor explaining MPB aggregation, but chl a content showed a significant positive correlation with percentage water content, which did not occur when examining chl a concen- , as clearly demonstrated by Perkins et al. (2003) . We are aware that chl a concentration is theoretically the best proxy for MPB biomass (Perkins et al. 2003 , Jesus et al. 2006 , since chl a concentration is less subject to sediment compaction of mud particles, but we obtained better results with chl a content and a lower degree of error in terms of nugget effect, cross validation and mapped errors (data not shown). A significant part of the explained variability is also lost in the spatial regression analysis when considering chl a concentration. This is also the case when considering the temporal dynamics since standard errors represented 4.1% of the mean value on average for chl a content but reached 4.3% when examining chl a concentration, without changing the general story. This higher error of chl a concentration implies a lower amount of accuracy when measuring the interstitial porewater content (and volumetric mass) in the sand/mud mixtures that dominate the sediment substratum of this bay. The increased accuracy ob tained by Perkins et al. (2003) when converting chl a data to concentration could be a specific feature of pure mud where the relationship between compaction and seawater percentage is more straightforward. During the spatial analysis fieldwork, the analysis of water content could be biased be cause some samplings occurred at the beginning of emersion periods, when sandy sediments were sometimes still enriched in seawater. Other samples were taken from sediments that remained covered by seawater, because of the local topography. Fewer mistakes were committed when expressing MPB biomass in chl a content.
The spatial distributions of MPB in Baie des Veys clearly exhibit patchy structures embedded in a gradient related to the distance from the sea. This is confirmed by the necessity of applying universal kriging to disentangle the effects of wide-scale gradients from smaller patchy structures. The analysis of spatial patterns clearly shows that the upper shore is characterised by a mosaic of chl a enriched muddy patches that are defined by the geomorphological and topographic features around the channels and the proximity of nutrient inputs close to river mouths. In the lower parts of intertidal flats, we observed uniform structures of sand and very low biomass of benthic diatoms. This is related to depth and tidal currents, which are generally stronger in the lower parts of intertidal systems. The uniform distributions of sediment grain-size and biogenic variables that we found here clearly indicate the high importance of tidal currents in determining the amplitude and extent of erosion rates and sand movements. On the upper shores, the muddy patches are not randomly distributed but rather accumulate in the areas where the local currents are affected by coastal protection. These structures thoroughly modify the current fields and the spatial patterns of embayment process. The effect of oyster-farm structures was especially clear since there was a need to apply ordinary kriging instead of universal kriging in the sector of Géfosses where oyster farms were installed. Indeed, the oyster farm in the centre of this sector leads to the development of a muddy patch of benthic diatoms surrounded by a uniform distribution of sandy sediments with low MPB biomasses. The patch is located south of the oyster farm, i.e. in the zones which are protected from the dominant tidal currents (flow tides) by the oyster-farm structures. During the periods of rapid changes of sediment landscape caused by recent human disturbances in the eastern part of the site (Gefosses in Fig. 3) , the resulting spatial rearrangement of soft sediments is a factor determining the colonisation by benthic diatoms in intertidal systems. Oyster farming creates physical structures that contain different physical and chemical properties than surrounding sediments (Kervella et al. 2010) . The spatial patterns of silt content directly reflect mechanisms that are inevitably associated with an increase of organic matter that stimulates mineralisation processes and nutrient cycling. The MPB cells (whose length ranges within the same spectrum of grain-size as silt) are able to settle with small particles during deposition processes and they find local conditions stimulating their growth. Oyster farms shape the landscape dynamics of intertidal systems where human activities have modified the current fields (Kervella et al. 2010 ) and the spatial patterning of environmental factors profoundly alters the nature of species interactions and habitat occupation in several ways by favouring the development of MPB.
Hence, muddy sediments provide habitats favouring the development of epipelic diatoms. In these environments, they consist of epipelic raphid species endowed with endogenous migratory rhythms, which control their vertical movements across the sediment (Underwood & Kronkamp 1999) . Extensive mats are produced during emersion periods where copious amounts of extracellular polymeric substances (EPS) are produced in relation to motility and/or nutrient limitation (Orvain et al. 2003) . MPB is rarely affected by nutrient limitation (Jesus et al. 2009 ) because muddy sediments are enriched in organic matter and the decomposition by bacteria in deep layers stimulates a very active mineralization of nutrients that constitute an essential part of MPB nutrition. Moreover, the low energy of the tidal flow in these environments does not prevent MPB from reaching high biomass, especially in summer conditions (Blanchard et al. 2001 ). In the areas where the silt content is lower, species composition of MPB shifts from epipelic to epipsammic araphid and monoraphid taxa. These forms are mainly immobile and remain attached to sand particles by secreting EPS. Even though the high levels of light penetration in these sediments can induce high production rates, the biomass is likely to remain low because diatoms gather lower concentrations of nutrients in sand than in silt and experience high disturbance caused by resuspension of sandy habitats. Van de Koppel et al. (2001) demonstrated that the net growth of diatoms increases with the silt content. We assume that these processes can explain the positive interaction between silt and chl a and the resulting spatial patterns.
There are other factors that could be involved in the complex set of interactions between sediment and MPB to provide a general over view of the spatial patterns of MPB such as bathymetry or bed elevation (Guarini et al. 1998) . In most estuarine systems, the MPB biomass is positively related to the bathymetric level (van der Wal et al. 2010) and this was the case also in Baie des Veys. Lower shore sediments are less stable than sediments at the upper shore due partly to the high energy of turbulent flow and the shorter emersion period. Consolidation and desiccation of sediments are therefore limited on the lower shore level and the duration of the illuminated periods is also reduced since light penetration is restricted in estuarine turbid waters during immersion periods. Under these conditions, the ability for MPB colonisation is diminished. Conversely, the reduced disturbance and long photo synthetic periods create favourable conditions for epipelic MPB at higher shore levels. Even though grain-size median diameter and water content better explain the distribution of MPB in Baie des Veys, it is remarkable that bathymetric level is also well correlated with chl a, revealing that the bed elevation can also explain some heterogeneity in chl a biomass that was not explained by sediment changes. The effects of bathymetry (and depen dent parameters such as light availability or exposure time) seem limited and only involved as secondary sources of variation of MPB biomasses. The MPB could also be affected by top-down processes since consumption rates by benthic fauna are not homogeneously distributed over intertidal mudflats. The distribution of deposit feeders that actively forage for benthic diatoms at the surface (such as Hydrobia ulvae, Scrobicularia plana or Corophium volutator) must noticeably affect spatial patterns of MPB, while suspension-feeders that only benefit from these food items after resuspension must have a limited impact on these spatial patterns. For instance, the high biomass of benthic fauna, such as the bivalve Scrobicularia plana at the upper shore of the Marennes-Oléron bay, plays a major role in regulating MPB biomass at upper-shore levels ) and also partly explains why the peak in biomass is not found at the highest bathymetric level (Guarini et al. 1998) . The biomasses of these species remain low in Baie des Veys with only small spatial variations (Sylvand 1995) and seem to be unable to modify the spatial structure of MPB.
The interaction between sediment and MPB is clearly regulated by seasonal effects. Indeed, the relationship between silt accumulation and chl a biomass is less straightforward when examining the temporal dynamics and was significant only in winter. On one hand, the strong hydrodynamical conditions in winter prevent MPB from developing a response to the solar exposure period, and we found a positive relationship between silt and chl a contents in March 2004 at the end of the winter (but also in the spatial study that was performed in April 2003, a period that could be considered as a transition period between winter and spring), which revealed the prime influence of physical factors. On the other hand, the summer MPB dynamics were well developed with a very noticeable effect of the 14 d tidal cycle in relation to the duration of the exposure period to solar daylight. Apparently, the calm conditions during the whole survey did not provoke mass ero sion of the sediments, since there was only small indentation in the silt fraction kinetics and a high level of heterogeneity (especially when the chl a biomasses are high). When conditions remain calm in summer, the MPB biofilm can become welldeve loped in response to solar exposure during lowtide periods, while silt content does not change much. More precisely, there were fluctuations in biomass with peaks at or just after the timing of emersion at noon (neap tides in Baie des Veys), revealing the influence of the shift of the daylight and emersion time windows in 14 d cycles. The result of this shift was described by Blanchard et al. (2001 Blanchard et al. ( , 2002 especially in summer, when MPB is more or less in a steady state with loss processes balancing gain processes.
The spatial interactions between diatoms and silt in the sediment can be explained by a bidirectional interaction: (1) the first component of this interaction is described by the positive effects of silt accumulation on the development of MPB (van de Koppel et al. 2001) and (2) the second part of the interaction consists of the positive effects of MPB biofims on sediment stability, maintaining low erosion rates of sediment (Yallop et al. 2000) . The first component of the interaction can explain the regulation of MPB biomass and primary production in winter, since there was a more significant relationship in winter, and the levels of EPS secretion when the MPB biomass remained relatively low cannot exert such a strong biostabilising effect. Windy conditions and low temperature both contribute to explain the low standing stocks of MPB in the sediments and the prime influence of hydrosedimentary exchanges, and especially resuspension, that can be indicated by decreases of the silt fraction. Moreover, the average diameter of the muddy patches is 800 m, while the diameter of MPB patches is 500 m. This confirms that the physical structures of soft sediments define the biogenic patch structure that they contain. Muddy patches thus provide habitats where benthic diatoms are able to develop. The dynamics of chl a in winter also show that initial changes are associated with silt accumulation and its positive effect on benthic diatom growth and resistance.
Biostabilisation processes can be considered as secondary factors amplifying the initial silt accumulation in summer rather than primary factors explaining the long-term trends of sediment changes. This confirms hydrosedimentary models by Le Hir et al. (2007) who argued that biostabilisation processes by MPB are unable to affect the morphology of mudflats because of the low biomass of MPB in winter (as observed in the present study). Biostabilisation by MPB seems especially ineffective in the present study, since even summer data deviates from this theory. Indeed, the initiation of chl a decrease during immersion (probably related to erosion) occurred just after the peak in chl a biomass that was reported on 19 July 2003, whereas the tidal and wind conditions were not especially strong at this time. This contradicts the biostabilisation theory since the well developed biofilm should better resist erosion if biostabilisation influence was effective. In MarennesOléron bay, Blanchard et al. (2002) also observed that the initiation of erosion occurred after the peak in chl a biomass. At the same time, the low physical forcing made it difficult to explain the initiation of biofilm erosion. This result is in agreement with other findings that a thick biofilm of benthic diatoms can make the sediment exceptionally more susceptible to erosion (Orvain et al. 2004 ). This could be explained either by a modification of the microrelief of sediment due to bubble production in thick biofilms (these bubbles being able to disrupt the biofilm surface and produce lift forces), bacteria development, or high production rates of specific EPS that could retain interstitial water and increase bed erodability. Nevertheless, during the first 8 d of the summer survey (Fig. 6) , the biomass was holding steady during immersion periods, indicating the lack of resuspension of benthic diatoms. So during this period, biostabilisation could be effective, maybe in relation to biofilm growth or EPS secretion.
The chl a development is thus governed by physical factors with the prevailing influences of resuspension/deposition processes in winter and solar exposure in summer. This is in agreement with the finding of Blanchard et al. (2001) . Nevertheless, the short-term dynamic pattern of MPB biomass during the spring-neap tide cycle in the Baie des Veys did not completely follow the scheme described by Blanchard et al. (2001) (i.e increasing during emersion and decreasing during immersion). Actually, a significant resuspension-advection-redeposition mechanism can occur during immersion along with the classical simple resuspension, resulting in a net increase of biomass during the immersion periods. The sampled station in the present study was located at the edge of a benthic diatom patch and the increase of chl a during immersion after spring tides may be the result of an extension of this patch. The size of the patch may vary between a minimum shape during spring tides and a maximal extension during neap tides in BDV. This observation is in agreement with the findings of Guarini et al. (1998) that the location of patches persists in time but the extent of the patch can vary with the season. We assume that this variation of shape is also subject to the 14 d tidal cycle.
CONCLUSION
The Baie des Veys ecosystem is wide open to the sea and under the influence of intense oyster cultivation producing a rapid silt deposition on intertidal flats. This ecosystem is thus submitted to drastic changes in terms of current fields and mud accumulation in oyster-farming habitats (Ropert & Dauvin 2000 , Kervella et al. 2010 . These sediments display a patchy an isotropic structure of mud. Contrasting with eco sys tems where the sediment is mainly muddominated (such as the Marennes-Oléron bay), the spatial patterns of MPB seem to typically reveal a bottom-up control in the Baie des Veys with variations of MPB biomass due to changes of the nature of substratum and prevailing effects of physical factors (bed elevation, wind stress, tidal currents, sediment compaction, solar and tidal exposure). The specific effect of rain has still to be investigated since there was no rainfall during our temporal sampling surveys. The positive influence of silt on benthic diatoms must be involved in the long-term trends in macrozoobenthic community by increasing the trophic plasticity of the macrozoobenthic community, making possible the coexistence of a wide variety of different species in sediments surrounding oyster farms. However, interaction between MPB and macrozoobenthos must be more thoroughly examined to verify (1) whether long-term MPB development is a factor favouring the trophic plasticity in these habitats (Dubois et al. 2007 , Lefebvre et al. 2009 ) and (2) the long-term trends concerning macro zoobenthic assemblage evolution (Timsit et al. 2004 ). 
